Introduction
Cryogenic liquids are frequently used in applications that require extremely low temperatures. These liquids have boiling points well below 150 K, and some as low as only a few Kelvin. These liquids behave in much the same manner as the liquids we encounter in our everyday lives. They have finite viscosity, defined thermal and electrical properties, and we understand the nature of their interactions. But what happens to these fluids when they are cooled down to near absolute zero? Most fluids will simply freeze; all except for one. This fluid is liquid helium.
In this project we will be looking at the unique properties of liquid helium as the temperature approaches absolute zero. Liquid helium is exceptional in that it is the only substance yet discovered that will theoretically remain a liquid even down to absolute zero temperature [1] . Two of its isotopes, 4 He and 3 He, have the lowest known boiling points of any substance: 4.21 K and 3.19 K, respectively [2] . This characteristic stems from two main causes:
the small size of the He atoms and the extremely weak intermolecular forces between them. The He atom has a closed shell with only two electrons so there are no dipole moments and the small mass results in almost no van der Waals forces. As such, the atoms must be cooled down to the point where they have barely any kinetic energy in order for them to condense [1] . He II possesses some very unique and often bizarre characteristics. The most notable would be its vanishingly small viscosity. He II is able is capable of frictionless flow past obstacles and narrow channels [1] . As one approaches absolute zero, the viscosity drops to zero as the superfluid component dominates. This characteristic lends itself to other characteristics including film flow and the fountain effect. In film flow, He II will form a fairly thick film that is wide enough to allow superfluid flow. This film will act like a siphon and actually creep up the edges of its container until the container is empty [4] . The fountain effect results from the property that the superfluid component will flow from cool to warm regions. It requires a device that has a porous plug on one end and a heater inside of it. If one places the device in a helium bath, the liquid helium will squirt out the top [5] . The way it works is that the superfluid will be attracted to the heater and will flow through the porous plug. Once inside, the heat will convert the superfluid into normal fluid and there is no way out for the normal fluid except through the top. 4 In this project we are designing and building a He II test facility. This includes outfitting the right combination materials and equipment to achieve optimum results. This report will explain our experimental setup, the data we collected from the system, and how we analyzed the data in order to improve the performance of this test facility.
Materials/Methods
Our experimental setup consisted of three basic components: a helium dewar, data acquisition sensors, and a vacuum pump system (shown in figure 14) . A schematic of the dewar we used is shown in figure 4 . This dewar is a double dewar specifically designed for use with liquid helium. It is the inner dewar that is meant to store and maintain the liquid helium. The outer dewar consists of all of the components necessary to cool the He II down below the λ transition temperature.
The outer dewar contains three layers inside of the stainless steel frame. The primary layer is a will use to see how much heat can be added to the system while still maintaining the temperature and pressure within some set parameters.
The vacuum system consists of a pump, a gate valve, and a controllable exhaust valve.
The gate valve and the exhaust valve operate in parallel, so in order to use the controllable exhaust valve, one has to close the gate valve. The gate valve only has two settings: opened and closed. The exhaust valve is an MKS exhaust valve controller. It is this controller that can be used to regulate the pressure very precisely. The valve is a butterfly valve and operates using a control loop shown in figure 7. The user sets the controller to a desired pressure, the controller goes about adjusting the orientation of the valve, the pressure transducer measures the pressure, and then a signal is sent back to the controller indicating what changes need to be made in order to achieve the desired pressure.
The first step of the experiment was done the day before we actually ran the test. It involved getting the dewar ready to receive the helium by pumping down the vacuum cavities in the outer dewar in addition to filling up the liquid nitrogen jacket. These preliminary steps would result in the inner dewar being at a temperature of roughly 70 K rather than 300 K once we were 7 ready to add the helium. Before we began to add the liquid helium to the dewar, we first had to attach a canister of warm helium gas in order to create positive pressure to drive the liquid helium out of the tank. We slowly filled the inner dewar until we reached the maximum depth that the current conditions allowed.
At this point it was time to pump on the system and see how low we could go. We opened up both the gate valve and the exhaust valve and turned on the pump. The pressure dropped rapidly at first and the level of the helium fell accordingly as it evaporated. After some time we got down to the pressure that corresponded to the λ transition temperature. We continued pumping and slowly the pressure fell. After a couple hours, we reached the lowest possible pressure and temperature that the system was capable of reaching.
The next step was to determine how much additional heat could be added to the superfluid helium while keeping the temperature within an acceptable range. We adjusted the heater to several positions and observed the corresponding change. Eventually we reached the maximum capacity of the heater and were still within an acceptable range.
The final test we had to conduct was to see whether or not the MKS valve controller was capable of regulating the pressure at these extremely low pressures. We first closed the gate valve so that the exhaust valve would be the only device controlling the pressure. We then performed several trials of different set pressures, and observed the capabilities of the controller.
Once these tests had been concluded it was time to vent the system. The pump was shut off and the pressure in the helium dewar began to rise back to atmospheric pressure. As this occurred the helium began to boil off and was collected through the vent line. This continued until the helium dewar was empty. Then the liquid nitrogen was allowed to boil off and was vented to the air. Next came the part of analyzing our data and documenting what changes needed to be made to the system.
Results
We encountered some trouble when we first began to add the liquid helium to the dewar.
After adding the liquid nitrogen the day before, the temperature of the inner dewar was around 70 K. However, even 70 K is well above the boiling point of helium. This meant that as soon as we added the helium, it immediately all vaporized. Once the temperature in the inner dewar got below a certain point, liquid helium began to condense. It took us a good bit of time to fill the dewar with helium because in the process of adding more helium, the liquid helium that was already present was still boiling vigorously. Eventually we had to open up the relief valve to let some of the helium vapor escape in order to reduce the pressure in the dewar. The maximum depth we achieved was 85%, at this point we couldn't get anymore of the helium to condense so we tried to add more liquid nitrogen in the hopes that this would cool the system down more.
Over the next several minutes the level of the helium dropped steadily until we finally decided to cut it off at about 55%. Ideally under the right conditions, the liquid helium should fill to near 100% of the dewar. This was the first indication that our system needed improvements.
The existing vacuum line was In table 1 you fill find all of our raw data. In figure 8 you will see a plot of our data once we entered the superfluid state.
The lowest pressure we were able to achieve was .399 kPa. This pressure corresponded to a measured temperature of 1.643 K. Since the transition temperature is at 2.176 K this put us comfortably in the superfluid range. The only problem was that it took the vacuum pump quite a bit of time (about two hours) in order to get the fluid this cold.
The next test was to see how much heat we could add to the system while still keeping the temperature below T λ . This proved to be a tedious process because after adding heat it took time for the system to reach equilibrium again. Cryogenic systems act like a buffer to change, and it takes a while for any change to become noticeable. In figures 9 and 10 you will see the plots of how the pressure and temperature, respectively, changed as a function of heat input. The maximum heat we were able to add was 10.8 watts before we reached the capacity of the heater.
Our pressure control mechanism was found to be inadequate. We first set the MKS controller to 20 torr. After waiting some time, the pressure never changed. We tried adjusting the pressure to a different set point; still no effect. Eventually we decided to close the exhaust valve completely. If it were working correctly, the system would have been cut off from the pump and the pressure 
Conclusion
Our experiment demonstrated that the existing setup in the EFD cryogenics lab is capable of maintaining a superfluid helium bath for a sufficient amount of time in order to do a variety of experiments. The first thing we discovered is that our sensors and probes are capable of delivering measurements within an acceptable accuracy range. In figure 13 you will see a comparison of our experimentally determined results vs. the theoretical results for the saturation curve. This plot gives us a fairly good indication of the capability of our sensors. rather what parts failed to meet expectations. The most pressing improvement that needs to be made is to replace or repair the existing MKS exhaust valve. This valve is getting to be pretty old and no longer performs in the manner in which it was designed to. As one can see from figure 9, the butterfly valve isn't capable of completely closing. This may be a result of the rubber gasket that fits around the metal being too thick, or the valve may just be the wrong size entirely. Once this valve is replaced it will enable the user to adjust the pressure in the dewar to within a fraction of a torr, allowing for greater accuracy in setting experimental conditions. The next step to take is to add additional isolation valves on the vacuum pump line. In its current configuration, once the pump is turned on, everything along the pump line is pumped down. Adding isolation valves to the pump line would enable multiple experiments to be performed at once. The existing pump line already has numerous bays extending from it, creating the potential to have multiple work stations. Adding these isolation valves to each bay would mean that some experiments could be pumped down while others remain at atmospheric pressure even while the pump is running.
Another improvement is to include a source of clean helium gas. As mentioned earlier, when we began to add the liquid helium into the dewar, we needed to add warm helium gas into the holding tank in order to drive the liquid helium out. In our experiment this helium gas came from an individual canister that we had to wheel into the room. This proved to be tedious and unreliable. There is an existing source of helium gas located just outside the cryogenics lab intended to fill up these individual canisters. If one were to just run a line from the big container of helium gas into the lab, then there would always be a clean source of helium gas right at your fingertips.
The final improvements are for safety and general documentation of the system. As you add liquid helium to the dewar, a large majority of it will boil off. There has to be a place for this vapor to go or else the dewar will simply explode. The lid on the dewar has several safety features including a burst disc, but the main destination of the helium vapor is through the helium recovery line. This recovery line has a valve on the dewar lid and then another valve that feeds it into the pipe in the wall. Now the problem with this is that if there is gas in the recovery line and both valves are closed, the line has the potential to explode. In order to prevent against this, a trapped volume relief valve needs to be installed on the end of the recovery line. This way if there is trapped gas it has a means of escaping without rupturing the recovery line. The last measure to take is to document the existing vent and vacuum lines with a PID. A PID stands for a process and instrumentation diagram. These diagrams are made for all the cryogenic systems at SLAC, and having one for the cryogenics lab will ensure that we know where everything is, making it easier to make changes later.
Once these improvements have been made to the cryogenics lab, the He II test facility will be fully commissioned. The superfluid state still contains many intriguing secrets yet to be unlocked. This test facility will enable researchers here at SLAC to do countless experiments that will probe deeper into the mysteries of the superfluid state and the Bose-Einstein condensate. In the future, the unique properties of superfluid He II will hopefully lend themselves to technological advancements in the field of cryogenics and condensed matter physics. 
